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Introduction
Definition of tasks and strategies of condition-based maintenance of technical objects has been presented in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The theory and practice of condition-based maintenance were most widely elaborated and implemented in the development, manufacture and operation of aviation equipment [1] [2] [3] .
The strategy of maintenance of technical objects is a set of adopted principles, rules and control actions determining the integrated development of operational properties of the design of facilities, organization methods and production and technical base of maintenance and repair.
There are the following strategies: -time-based maintenance, in which the list and frequency of operations are determined by the value of the total product time since placed in service or since the overhaul;
-condition-based maintenance, in which the list and frequency of operations are determined by the actual technical condition of the product at the time of the start of maintenance;
The main characteristic of the maintenance strategies is the nature of information on reliability and technical condition, which is used when assigning the frequency and volume of routine maintenance. This information can be divided:
-by the time of receipt and use, into a priori and a posteriori;
-by sources of receipt, into information on the set of objects and on a particular object.
In this case, experience refers to the operation of an object. Combinations of these types of information form four maintenance strategies (Table 1) . Table 1 Maintenance strategies Nature of information A priori A posteriori
On the set of objects Time-based Reliability-centered
On a particular object
Time-based for a particular object Condition-based Depending on the available opportunities to determine the ultimate limit state of products in the process of operation and on the adopted criterion for establishing the terms of their replacement, the following strategies of operation (use) are distinguished: until the end of service life, until failure, until the pre-failure condition. The maintenance and repair strategies, of course, are associated with the strategies of operation (use) of products ( Table 2 ). For each of the oper-ation strategies, it is possible to choose certain most effective maintenance strategies (marked with +). Table 2 Interrelation of operation and maintenance strategies Table 2 it follows that for the operation strategy of products until the end of service life, the time-based strategy will be naturally the most effective maintenance strategy.
The specific features of the reliability-centered maintenance strategy include the following. Each of the products under this strategy is operated (used) until failure. Overhaul life is not established for these products. Maintenance of each specific product consists in performing the necessary amount of work on adjustment, calibration, detection of failures and malfunctions and their elimination. For structurally complex products, age replacement of some of their parts may be advisable, if it is possible without the need for disassembling the product under stationary conditions.
With respect to the entire set of similar products, reliability level control is performed. In cases where the actual level of reliability of a particular type of products is below the standard level, a thorough analysis of reasons for deviation is carried out and measures are taken to increase it.
The reliability-centered maintenance strategy is most widely used for products of functional aircraft systems, in particular, air conditioning and pressure control systems, anti-icing, hydraulic and fuel systems, power unit assemblies.
Reliability level control of the set of similar products is carried out by statistical methods. This kind of control covers, as a rule, the majority of units and assemblies, regardless of the maintenance and repair strategy applied to them. However, only for the reliability-centered maintenance strategy, this type of control is the principal mechanism for controlling the reliability of products.
With this maintenance strategy, the criterion for the technical condition of the set of similar aircraft system products is the reliability level expressed by the corresponding index. Such an index should carry a maximum of information on the technical condition of products, be convenient for carrying out operational comparative analysis, and also be critical to changes in the process of aircraft fleet operation (changes in operating conditions, level of recovery of functional systems). The following indexes most fully meet these requirements in the operating conditions of AE: the failure rate and the failure number of products per 1,000 flight hours.
The condition-based maintenance strategy is a set of rules for determining conditions and regulations for diagnosing products and making decisions on the need for their maintenance, replacement or repair based on information on the actual technical condition. With this maintenance strategy, aircraft products and systems are operated (used) until the pre-failure condition.
To identify the pre-failure condition of products, the principle of preemptive tolerances for diagnostic parameters can be used. Herewith, the preemptive tolerance means the set of parameter values between the limiting and pre-failure levels of the parameter. Out-of-tolerance condition means failure. Achievement of the pre-failure level means the need for scheduled maintenance or replacement of products.
Literature review and problem statement
In recent years, researchers have continued to develop and study models of optimum maintenance for various types of civil and military equipment [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . In [15] , the model of optimum condition-based maintenance of radio-electronic devices has been proposed. In [16] , the introduction of the principle of preventive maintenance of aircrafts has been shown. In [17] , various strategies of equipment maintenance have been considered: heuristic and based on the application of mathematical models. In [17] , the problem of finding a rational maintenance strategy for complex systems, the elements of which function in different conditions, has been considered. The mathematical model of the process of adaptive condition-based maintenance of complex electronic equipment has been considered in [18] . The paper [19] deals with the operation of the atomic fleet, according to the actual technical condition of the ships. In [20] , models of operational reliability of aircrafts for maintenance planning in the process of operation have been considered. The paper [21] presents the formalized mathematical model of the process of adaptive condition-based maintenance that is used in simulation. The model of maintenance optimization for one type of three-dimensional array antennas has been considered in [22] . In [23] , the application of the method of group accounting of arguments for forecasting the longevity of radio-electronic systems in the implementation of the condition-based maintenance strategy has been considered. In [24] , the model for calculating the indexes of the residual life of radio-electronic devices by the parameters of technical condition has been presented. In [25] , the substantiation of the possibility of application of optimum strategies of maintenance and repair of complex technical systems has been presented.
In [6] , the model of optimum maintenance of the PAA has been considered in detail, formulas for calculating the utilization factor and specific operating costs in the exponential distribution of time between failures of the PAA channels have been presented. Also, formulas for determining the optimization gain have been given. Illustrative examples of optimization of maintenance of two PAA structures composed of 256 channels, 12 standby channels for the first structure, and 25 channels for the second structure have been shown. The values of the optimization gains have been calculated. When optimizing the utilization factor of the PAA, the gain ranges from 13 % to 17 %, while in optimizing the specific operating costs it ranges from 86 % to 98 %.
The model of optimization of maintenance of a group of phased array antennas of radars in the diffusion nonmonotonic and exponential distributions of time between failures of the array modules has been investigated in [26] . The review of the above works showed [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] that the researchers from the USA, China, Ukraine and Russia pose and partially solve the theoretical problems of optimum adaptive maintenance and condition-based maintenance of various devices. However, materials on the condition-based maintenance and repair of modern radio-engineering systems have practically not been given. Also, there are no publications on the study of indexes of reliability and maintenance of marine and groundbased APAR such as Aegis, Patriot, Meads, THAAD. This is due to the specifics of the application of military APAR and confidentiality of information about these systems.
From the results of the review of early works on maintenance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , it follows that a number of authors consider models of optimum maintenance of devices in a traditional statement, in which the utilization factor or specific operating costs are optimized and the optimization gains are determined. This does not take into account the use of information on device failures received from the monitoring and diagnostic system during operation. Also, device failures during operation are expected.
In later works, the authors of [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [29] [30] [31] propose to determine the parameters of optimum maintenance taking into account the specification of reliability indexes of devices based on the results of operation. In doing so, they are mainly limited to the general formulation of the problem and suggestions to use simulation. The models of optimum maintenance of non-redundant devices considered in the review cannot be used as maintenance models for quasi-redundant structures with high redundancy, including the APAR. Table 3 Interrelation of operation and maintenance strategies of the APAA The interrelation of operation and maintenance strategies of the APAA is presented in Table 3 .
Time-based or condition-based maintenance strategies of the APAA Each of the products can be operated (used) until the end of service life or until the pre-failure condition. The monitored reliability index is the gamma-percentile life. At the same time, there are two possible maintenance strategies of the APAA: time-based or reliability-centered.
Under the time-based maintenance strategy of the APAA, at the stage of development and testing of the prototype, the operating time of the APAA until the end of the gamma-percentile life (for a certain level of reliability of the array antenna modules) or the allowed failure number of the modules, which are reflected in the operational documentation are determined. After the end of the gamma-percentile life or failure of the allowed number of the modules, the decision is made on the corrective replacement of the modules of the distributed array structure. After the corrective replacement of the modules, the APAA is updated (the probability of failure-free operation rises to a value close to 1,000).
Under the reliability-centered maintenance strategy, after each failure of the module of the distributed array structure, the reliability indexes of the modules are refined (redefined), the time of the next module failure, the reliability and life indexes of the APAA and maintenance indexes such as the time and number of corrective replacements of the array modules are predicted. After the controlled probability of APAA failure-free operation decreases to a value of 1-γ during operation, collection of statistics on module failures is terminated and a decision is made on the corrective replacement of the modules.
Further, the reliability and maintenance indexes of one of the possible implementations of the promising APAA of the multifunctional radar of the SAM system will be investigated. Functionally, the promising APAA includes 100 power supply modules (PSM) and 100 subarrays, each consisting of:
-subarray aperture with 80 emitters; -16 five-channel antenna transmit-receive modules (ATRM);
-one subarray transmit-receive module (STRM). The APAA is divided into 100 subarrays with 80 channels each. In the reception mode, the total signals from 80 channels of each subarray are fed to the subarray modules, in which double frequency signal conversion to an intermediate frequency is performed. Power supply modules of the APAA provide antenna modules with supply voltage.
The ATRM installed in the APAA after the emitters perform amplification of microwave signals, calculate and create the required phase and amplitude distributions. In the transmit channels of the modules, amplification is generated by powerful transistor amplifiers, in the receive channelsby low-noise amplifiers. Phase distribution is created by microwave digitally controlled phase shifters for setting the beam in a given direction. Amplitude distribution in the reception mode is created by microwave digitally controlled attenuators.
The ATRM are the most numerous (1,600) and powerful transistor microwave modules of the APAA. Each antenna module includes:
-five transmit-receive channels (TRC); -microstrip divider-adder of microwave signals; -phase and amplitude distribution computer; -hermetic case with hermetic inserts for connecting the emitters and microwave by the coaxial connector.
Each TRC includes a 6-bit controlled phase shifter, a preamplifier of transmit-receive channels, a low-noise amplifier, a power amplifier and a secondary power supply.
The STRM is designed to amplify the transmitting outgoing pulse and transmit it to the ATRM in the transmission mode. In the reception mode, the signal coming from the transmit-receive modules is amplified in the subarray module and transmitted to the intermediate range for further processing.
The built-in control and calibration system (BCCS) of the APAR provides [27] :
-assessment of the technical condition of various elements in the APAA channels and phase distribution computers;
-determination of the location and type of failures of elements and modules; -evaluation of integrated characteristics and technical condition of the APAA as a whole (control of technical condition at the system level); -monitoring of changes in the amplitude-phase distribution and parameters of elements in the APAA channels during operation, APAA calibration, calculation and transmission of corrections to the beam control system to correct the APAA parameters at the system level.
In terms of structure, the APAA is a distributed system composed of a very large number of microwave modules of limited reliability (from several hundred to several tens of thousands). At the same time, the failure of up to 10 % of the modules is allowed. The APAA reliability indexes are subject to strict requirements (one APAA failure per several thousand hours is allowed). From the theory of reliability, it is known that the probability of failure-free operation of the serviced system with high redundancy approaches unity if there are a sufficient number of spare elements in the SPTA set. That is, due to timely maintenance, it is possible to create a failure-free redundant system before the end of service life. It is also known that the APAA are provided with the automated control and calibration system.
Considering the above, it is promising to build an algorithm for the individual forecasting of reliability and maintenance indexes of the APAA (algorithm of reliability-centered maintenance of the APAA), based on statistical processing of the results of the failures of the APAA subarray modules by the monitoring and calibration system.
The aim and objectives of the study
The aim of the work is to develop and study the algorithm of reliability-centered maintenance of the APAA during operation. This will make it possible to predict the reliability indexes of each APAA and to determine in a timely manner the time points and the number of corrective replacements of the APAA modules.
To achieve the aim, the following objectives were set: -selection of mathematical models of reliability of the antenna subarray modules and APAA as a whole, and selection of a method for processing statistical information on the failures of the antenna subarray modules in the process of operation; -development of a methodology for determining reliability indexes for the APAA time-based maintenance strategy; -development of the structure and the "body" of the algorithm for individual forecasting of reliability indexes and maintenance indexes of the APAA on the basis of statistical information on reliability indexes of the antenna modules; -determination of the gain from the introduction of the APAA reliability-centered maintenance strategy in comparison with the time-based maintenance strategy; -implementation and comparison of reliability-centered maintenance strategies and the time-based maintenance strategy on the example of calculating the maintenance indexes when operating the receive APAA.
General provisions of the APAR reliability-centered maintenance strategy
The APAA reliability-centered maintenance strategy is the strategy for determining the time and volumes of corrective replacements of the antenna array modules based on the results of individual forecasting of reliability indexes of the APAA.
During the normal operation, the radar control system: -collects and processes statistical information on the failures of the antenna subarray modules; -predicts the reliability level of the antenna subarray modules and the APAA as a whole; -stores information on the time points of detection of failures of the antenna subarray modules; -calculates individual forecast estimates of the actual level of probability of failure-free operation and the gamma-percentile life of a particular APAA; -makes recommendations on the time and volume of corrective replacements (CR) of the failed antenna subarray modules.
After each series of failures of the modules of this type, point and interval estimates should be determined based on statistical information on the time points of failure detection in these modules:
-for reliability indexes of the modules of this type; -for reliability and longevity indexes of the APAA as a whole;
-for time intervals between failures of the modules of this type;
-for the predicted time for the next failures of the modules of this type.
Based on the results of processing of the obtained data, the time points of a subsequent series of failures of the modules of this type are predicted and a decision is made on the need and time of corrective replacements of the modules of this type. In this case, the main condition for the need for corrective replacements of the modules of this type will be a predicted reduction in the probability of the APAA failure-free operation to a level below 1-γ. That is, the corrective replacement of the modules of this type will be carried out only after the end of the gamma-percentile life Tγ by a specific APAA (Fig. 1) . Fig. 1 shows the corrective replacement of the modules when the probability of APAA failure-free operation reaches the value of P APAA (T γ )=0.95. When choosing the module failure model, the failure rate of the semiconductor antenna subarray modules of the APAA is defined as the sum of sudden and gradual failure rates [29, 30] 
1.0; 1.0;
Then the probability of failure-free operation of the semiconductor antenna array modules is defined as the product of the probabilities of failure-free operation during sudden and gradual failures of the modules:
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To characterize sudden failures of the semiconductor modules, exponential time distribution of failure-free operation is used:
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To characterize gradual failures of the semiconductor modules, the diffusion nonmonotonic (DN) time distribution [31] of failure-free operation is used:
where μ is the mean time to gradual failure of the APAA semiconductor modules, v is the variation coefficient of the DN distribution. In the formalization of the reliability model of the transmit APAA, the receive APAA and the system of secondary power modules (PM) of the APAA, the mathematical model of the APAA reliability, presented in [28, 29] is used:
where P 0 (t) is the probability of failure-free operation of one module;
i N C is the number of connections of N modules by i; N=n+m is the total number of the modules in the array antenna; n is the number of principle modules; m is the number of standby modules.
Block diagrams of reliability of the promising APAA are shown in Fig. 2-6 .
The probability of failure-free operation of the APAR is determined by the expression:
where P RCV_АPAA (t) is the probability of failure-free operation of the receive APAA (with the STRM system); P TRS_АPAA (t) is the probability of failure-free operation of the transmit APAA system (with the ATRM system); P SP_АPAA (t) is the probability of failure-free operation of the system of secondary power modules (PM) of the APAA. The mean time to failure (reliability index) of the transmit (receive) APAA is determined from the solution of the nonlinear equation [29] : 
where N 0 is the total number of similar modules in the APAA; m 0 is the number of quasi-redundant modules of this type (the allowable number of module failures) in the APAA. The gamma-percentile life (longevity index) of the transmit (receive) APAA is determined from the solution of the following nonlinear equation:
For processing of statistical information on the failures of the APAA modules and determining the estimates of the sample mean, upper and lower confidence limits, the method of quantiles is used [31] .
In this case, the analytical expression for determining the point (average) estimate of the mean time to failure of the APAA modules has the form:
where
is determined from the solution of the nonlinear equation: 
where U q is the quantile of the rated normal distribution, for q=0.90 we have U q =1.282. The forecasting of the moments of the implementation of corrective replacements of the APAA modules is performed by the formulas: 
Here t 1 is the value of the APAA sample running time before the start of operation at the facility (after preliminary and acceptance tests).
The number of the failed APAA modules, replaced with fault-free modules in the corrective replacement of n ATRM (i), n STRM ( j), n PM (l) is determined by the number of the failed modules, respectively: i, j, l.
2. Development of a methodology for determining reliability indexes for the APAA time-based maintenance strategy
For the implementation of the APAA time-based maintenance strategy, the following indexes are determined:
-the probability of failure-free operation of the APAA modules according to formulas (1)- (6);
-the probability of failure-free operation of the APAA according to formulas (7), (8);
-the mean time to failure of the APAA from equation (9) or formula (10); -the gamma-percentile life of the APAA from equation (11); -the number of corrective replacements of the APAA modules to provide the gamma-percentile life as: (22) In this case, the initial data for the failure rates of electronic elements on which the APAA subarray modules are developed is information from reference books on reliability and results of accelerated tests.
3. Development of the structure and the "body" of the algorithm of individual forecasting of reliability indexes and APAA maintenance indexes on the basis of statistical information on reliability indexes of the antenna modules
On the basis of the reliability-centered maintenance strategy of the APAR, the structure and the "body" of the algorithm of individual forecasting of APAA reliability indexes and maintenance indexes were developed.
This algorithm implements the following tasks: -calculation of statistical estimates of the sample mean, upper and lower confidence limits of the mean time to failure of the antenna subarray modules; -individual forecasting of APAA reliability indexes: the time of the next module failure; the probability of failure-free operation, the mean time to failure and the gamma-percentile life of the APAA as a whole; -individual forecasting of APAA maintenance indexes: the time and volumes of corrective replacements of the antenna subarray modules during normal operation.
For the implementation of the mathematical model of condition-based maintenance, the algorithm is developed (Fig. 6) .
In the algorithm (Fig. 6) , formulas for sequential stepby-step calculation of statistical estimates of reliability indexes of the antenna subarray modules and the APAA as a whole are implemented. Also, formulas for calculating the time and the number of corrective replacements of the antenna subarray modules are implemented. The detailed description of the operations of the algorithm is presented in Table 4 .
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Determination of the sample mean of time to failure of the APAA modules: ATRM, STRM, PM (4), (13)- (15) Continuation of Table 4 5. 4. Determination of the gain from the introduction of the APAA reliability-centered maintenance strategy in comparison with the time-based maintenance strategy When implementing the condition-based maintenance strategy, in comparison with the time-based strategy, there is an increase ("gain" -W Tγ %) or a decrease ("loss" -П Tγ %) of the APAA gamma-percentile life. The "gains" and "losses" in the gamma-percentile life when using the APAA maintenance strategy are defined by the formulas:
5. 5. Implementation and comparison of the condition-based maintenance strategies and the time-based maintenance strategy on the example of calculation of maintenance indexes in the operation of the receive APAA
The example of implementation of the algorithm of time-based maintenance of the receive APAA is presented in Table 5 .
The example of implementation of the algorithm of reliability-centered maintenance of the receive APAA is presented in Table 6 (initial data) and Table 7 (calculation results). Permissible probability of decrease in the probability of failure-free operation -γ 0.100 -- Table 6 presents the initial data for 14 failures of the receive subarray modules (STRM) of the receive APAA including 100 STRM (failure of 10 modules is allowed). The values of timepoints of failures of the receive modules were obtained by means of the EXCEL program using the "=RAND ( )" function for the uniform distribution of random numbers (the first 14 numbers) and converted for the exponential distribution with the failure rate -λ mod. =0.00002 1/h. Table 7 presents the results of the solution of the illustrative example of implementation of the algorithm of reliability-centered maintenance of the receive APAA. ( ),
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Comparison of the lower confidence limit of the probability of failure-free operation ( ), Table 4 Table 6 Data on the failures of STRM of the receive APAA Failure numbers of the  receive modules  1  2  3  4  5  6  7  8  9  10  11  12  13  14 Time of failure detection in the receive module, h 800 1400 2000 2700 3300 3900 4500 5000 5400 5800 6250 6750 7200 7700 Table 7 Results of implementation of the algorithm of reliability-centered maintenance of the receive APAA Table 7 shows the calculations of values of the sample mean for:
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-the probability of failure-free operation of the APAA -P(t i );
-the mean time to failure of the receive subarray modules and the receive APAA -T 0mod. (sr); -the gamma-percentile life of the APAA -T γ_ APAA (sr); -the time between failures of the receive modulesσt i (sr);
-the predicted time of detection of the next failure of the receive subarray module -t i+1 (prognoz)(sr);
The main results of implementation of the algorithm of condition-based maintenance of the APAA are obtained after the failure of the 8th receive module when it was decided to perform the corrective replacement of the failed modules:
The mean time to failure of the APAA after the 8th failure of the receive module is T 0 APAA (8)=4,777 h.
The gamma-percentile life of the APAA after the 8th failure of the receive module is T γ APAA (8)=3,032 h.
The number of replaced receive modules during corrective replacement is n 1 = 8 modules.
The "gain" W Tγ % ("loss" П Tγ %) from the use of the reliability-centered maintenance strategy in the APAA operation in comparison with the time-based maintenance strategy is determined by formulas (23) and (24) 
Discussion of the results of the study of the APAR reliability-centered maintenance algorithm
When using the APAA reliability-centered maintenance strategy, there is a "gain" or "loss" in the gamma-percentile life compared to the time-based maintenance strategy. This phenomenon can be explained by the following reasons.
1. Randomness of the selected numbers and small sample size in the formation of a random sample for timepoints of failures of the PAA receive modules. For different samples, there can be: a) "loss" during the APAA condition-based maintenance (the example in Section 4 -П T %=18 %); b) "gain" during the APAA condition-based maintenance;
c) approximately equal values of the gamma-percentile life during the APAA time-based maintenance and during the condition-based maintenance (no "gain" or "loss").
2. Differences in operating conditions (ambient temperature, humidity, dust, etc.) and operating modes of the APAA liquid cooling system from the required in accordance with the APAR operating instructions.
3. Differences in the values of operational reliability indexes of the APAA modules (mean time to failure and failure rate) from the requirements of specifications for the modules (supplier plants may not provide high reliability of the APAA modules for mass delivery).
During the design process, the development company should think over and put the strategies of provision and replenishment of the APAR with spare parts (modules, units, nodes, etc.) during operation in the design and operational documentation. Volumes of SPTA may be at least 50 % of the volume of radar equipment. Therefore, it is necessary to determine the APAA time-based maintenance indexes during the radar operation. This will allow forecasting and design of the required volume of SPTA of the APAR.
In the process of APAR design, the development companies are recommended to determine the possible APAA reliability-centered maintenance indexes for the two reliability levels of the APAA modules:
-negative (reliability indexes do not meet the specifications for the modules); -positive (reliability indexes meet the specifications for the modules).
In the design process, it is advisable for developers to implement the reliability-centered maintenance algorithm when developing software for the mathematical support of the APAR control and calibration system. This will allow the maintenance staff, in the process of radar operation, to obtain operational information about the real values of APAA reliability and maintenance indexes after each subarray module failure.
Conclusions
1. The strategy of reliability-centered maintenance of the APAA during operation is recommended. Its peculiarity is the determination of time and volumes of corrective replacements of the antenna array modules based on the results of individual forecasting of APAA reliability indexes.
2. The proposed mathematical models are the basis for the implementation of strategies and construction of algorithms of APAA time-based and condition-based maintenance. The use of exponential and diffusion nonmonotonic distributions makes it possible to take into account sudden and gradual failures of the modules when calculating the APAA reliability and maintenance indexes. The proposed mathematical expressions of the methodology formalize the APAA time-based maintenance strategy.
3. The proposed structure and description of the algorithm formalize the reliability-centered maintenance strategy during the APAR operation.
4. The presented "gains" and "losses" characterize the degree of differences in the APAR reliability and longevity indexes when using different maintenance strategies: condition-based and time-based.
5. The results obtained when considering the example of construction of the maintenance algorithm for the receive APAA allowed us to consider the reasons for differences in reliability and maintenance indexes obtained during the condition-based maintenance from those obtained during the time-based maintenance.
The results presented in the paper may be useful to the radio industry specialists in the development of radio-engineering systems when designing SPTA and elaborating operational documentation. They can also be used by specialists operating radio-engineering systems when developing the condition-based maintenance algorithms and regulations.
The use of the APAA reliability-centered maintenance strategy can allow:
-providing failure-safe functioning of marine and ground-based APAR in the process of operation; -planing the timely order and delivery of spare parts (modules) in the APAR operation.
